PLATE 33
rickettsiae of European typhus, inoculated mice intranasally and were able to pass the infection thus established in series. The mortality was high among their animals. The mouse obviously possesses advantages in many ways over the guinea pig for the investigation of certain problems, but the intranasal route is dangerous, a fact attested by the occasional human infections in laboratories where this procedure is employed (5) . It is especially to be avoided if unvaccinated persons have access to the rooms containing infected animals. Since the data presented by Durand and Sparrow (4) show that only a heavy inoculum is effective and since x-radiation increases the susceptibility of rats to murine typhus (6) , it seemed probable that, provided large inocula were employed, the intra-abdominal route might prove successful in irradiated mice with European typhus. This report describes experiments which were undertaken with these considerations in mind.
Methods X-Radiation.-A metal container 3 cm. deep and 20 cm. in diameter, having a flange about the edge, was fitted with a wire screen (2 or 3 meshes to the inch) which, as a cover, could be clamped tightly to the flange. Twenty mice can be accommodated with ease in a container of this sort. In it they cannot change appreciably either their distance from the target of the x-ray tube by standing up, or their exposure to the rays by crawling on top of one another. Uniform irradiation of each animal is thus obtained. The x-ray machine was operated at 200 kilovolts, 8 milliamperes, 0.5 mm. copper filter, 30 cm. distance. Under these conditions an exposure of 7 minutes and 30 seconds represents 450 Roentgen units. Data relating to the determination of the optimum interval between the time of irradiation and injection and to the effect of irradiation on non-infected mice will be presented after a description has been given of the basic observations concerning the nature of the infection in irradiated animals.
Typhus Strain.-The Breinl strain of European typhus obtained from the National Institute of Health in Washington, D. C., through the courtesy of Dr. R. E. Dyer, in February, 1940, was isolated in tissue culture (7) and maintained for 5 months by serial passages in the yolk sac of developing chick embryos (8) or on agar tissue cultures until the inception of the experiments described below.
Suspensions for injection of mice were prepared from infected chick embryonic tissue incubated at 37C. for 7 days on beef serum-Tyrode agar in Kolle flasks. Only those flasks were used which showed many rickettsiae on direct smear. The tissue from each Kolle flask was washed down with buffered saline (pH 7.0) and ground to a fine suspension in a special 50 cc. centrifuge tube fitted with a pestle. In one experiment the tissue from one Kolle flask was diluted with 18 cc., in another with 30 cc. The supernatant fluid obtained after the "Griffith tube" had been standing for a few minutes was injected into the mice. The suspension was not centrifuged.
Establishment of Rickettsial Infection in Irradiated Mice
Injection intra-abdominally of 1 cc. of a tissue culture suspension of rickettsiae produced no evidence of sickness in sixteen normal mice. This was confirmed by a second experiment. Rickettsiae could not be demonstrated in smears of fluid obtained by aspiration from the peritoneal cavities of such non-irradiated mice 2 to 10 days after injection. No titration of the infectivity of the inoculum for guinea pigs was carried out. Mice weighing from 10 to 20 gm. given 450 to 600 Roentgen units and injected with 1 cc. of the inoculum which had been shown to produce no recognizable disease in normal mice, either died or presented evidence of illness (anorexia, ruffled fur, conjunctivitis). Numerous rickettsiae (demonstrated by Macchiavello stain) were visible inside the cells of the peritoneal exudate and in scrapings of the peritoneal surface from the mice which died, as well as in the mouse sacrificed for passage. Tissue culture suspensions were inoculated into a total of twenty-four irradiated mice; two survived, one was sacrificed in a moribund condition for passage, and twenty-one died.
Serial Passage in Irradiated Mice.-From one set of irradiated mice infected with material from tissue cultures, three series of transfers in mice were made. In two of them material for transfer was taken after the death of the animals, and bacterial infection occurred. The third remained free of bacteria and has been carried through twenty-two passages by successive intra-abdominal inoculation. The material for passage was obtained either by bleeding from the heart just before death, or by sacrificing a moribund mouse and washing out the peritoneal cavity with 5 to 10 cc. of saline, nutrient broth, or phosphate buffer at pH 7.0. At present broth is employed as routine. In other experiments successful transfers were made not only with blood and peritoneal washings but also with brain, lung, pleural exudate, and spleen. Rickettsiae were demonstrated by Macchiavello stain in the peritoneal exudate and also in blood, suprarenal gland, tunica vaginalis, kidney, spleen, liver, and pleural fluid, but not in brain. Occasionally the lungs of a moribund mouse exhibited hemorrhagic areas varying in size from 1 to 5 or 6 mm. in diameter. On direct smear rickettsiae could be found in such lesions, chiefly inside the phagocytic cells. Fig. 1 shows the appearance of the peritoneal smear on the third and eleventh mouse passages. In the latter the rickettsiae are smaller, and many more are present both inside and outside the cells.
In a titration of the infectivity of blood after sixteen passages, in one small experiment 0.00017 cc. of heart's blood (diluted in nutrient broth) was given intra-abdominally to irradiated mice. They died 10 to 12 days later, and a few rickettsiae were demonstrable in peritoneal smears at death. Brain was found to be infectious only in a dilution of one to five hundred. Further titration experiments after the strain has been passed through several more generations will be needed before conclusions can be drawn as to the infectivity of blood and other tissues. It is clear, however, that blood from one moribund mouse was sufficient to infect fatally a considerable number of irradiated mice. In routine passage experiments with mice given 450 R, the mortality following injection of 0.5 cc. to 1.0 cc. of peritoneal washing was regularly 95 to 100 per cent in 4 to 9 days. It is especially important to select a moribund animal for passage rather than to use one which has been dead even for a few hours. Bacterial contamination in the latter instance was not an infrequent finding in our experiments.
Results Obtained in Normal Mice with Passage Material from Irradiated Mice.-Normal mice failed to show any evidence of infection when injected with passage material from irradiated infected mice. Eighty-six animals were inoculated with peritoneal washing, blood, or brain obtained from the first to the fifteenth passages, inclusive, and from the eighteenth passage. Attempts were made to infect very young mice (1 day to 3 weeks old) on five occasions. In two trials rickettsiae were demonstrable at death of the baby mice, but three additional experiments resulted entirely in failure. It can be stated at present that as a result of eighteen passages in irradiated mice the strain had not acquired virulence for non-radiated mice with the possible exception of newborn animals.
Behavior of the Mouse Passage Strain in Guinea Pigs.-To show whether the organisms observed in the irradiated mice after serial passage were identical with the typhus rickettsiae originally introduced, guinea pigs were inoculated intra-abdominally with material from the first, second, third, fourth, and eleventh mouse passages, allowed to recover, and then tested for immunity to the Breinl strain which had been maintained continuously in the guinea pig. The daily temperatures of guinea pigs after injection with mouse passage material are recorded in Table Ia and Table IIb (Nos. 7-84, 7-29, 7-31, 7-89). Table Ib represents the temperatures of some of those animals following the test dose with the Breinl strain (0.1 gm. of guinea pig brain removed on the 3rd or 4th day of fever), along with the temperatures of ten normal guinea pigs injected with the same quantity of the same suspension of brain. It should be stated that for the purpose of an experiment unrelated to this work forty-two normal guinea pigs were injected with portions of the same pooled inoculum. The ten described here in detail are representative. Of the forty-two normals, forty showed fever curves characteristic of European typhus. Temperatures over 104 0 F. (40°C.) are set in bold-faced type and are taken to indicate fever in our stock of guinea pigs. It is evident from Table Ia and b that the guinea pigs given material from the first few passages in irradiated mice exhibited an irregular, atypical febrile response, but all were immune to a dose of infective guinea pig blood and brain which caused fever in forty of forty-two normal controls. were found in the blood culture (3 cc. blood, 50 cc. broth, 2 weeks' incubation). The temperatures of guinea pig 38 are recorded in Table Ia To test for complete cross immunity with the Breinl strain, five guinea pigs which had received guinea pig passage material and which had exhibited typical typhus temperature responses (Table IIa) were given a rest period of 3 weeks or more and then injected intra-abdominally with 1 cc. of mouse peritoneal washing of the eleventh passage. At the same time four normal guinea pigs were injected with the same inoculum ( Table IIb) . The normal guinea pigs developed an early fever and two exhibited very slight scrotal swelling on the 4th day, whereas in the recovered Breinl pigs neither of these morbid manifestations was observed. One of the pre-viously uninfected pigs (No. 7-89) was sacrificed on the 10th day to initiate a new guinea pig strain which will be referred to as the M XI strain since it derives from the eleventh mouse passage. It was maintained by routine brain passage through seven generations of guinea pigs. Twelve recovered Breinl guinea pigs, whose original infection is recorded in Table IIIa , were given 0.1 gm. of the brain and 0.2 cc. defibrinated blood of the fifth guinea pig passage of M XI; six normal control animals received identical inocula. The course of the infection in these animals is found in Table IIIb from which it can be clearly seen that residence of the strain in mice had not altered appreciably its capacity to persist in serial guinea pig passage or led to obvious changes in immunologic properties. The absence of scrotal swelling as well as the finding of rickettsiae in the tunica cells during early stage of infection after long search in the M XI strain, and the similarity of the temperature curve to the Breinl strain maintained constantly in guinea pigs indicate that no permanent change in its characteristics had taken place as a consequence of eleven mouse passages. Microscopic sections of brains of first and sixth generation M XI guinea pigs were made, and lesions typical of typhus were demonstrated in each.
Optimum Interval between Irradiation and Injection.-The effect of varying intervals of time between irradiation and infection is illustrated in Table IV . Four lots of mice of approximately the same weight were given 500 R units as follows: lot A, Oct. 28; lot B, Oct. 29; lot C, Oct. 30; lot D, Oct. 31. An inoculum of peritoneal washing of an irradiated, infected moribund mouse (ninth passage) was prepared Oct. 31 and 0.5 cc. injected intra-abdominally into four mice of each lot about 5 hours after the irradiation of lot D. The remaining six mice of each lot served as controls and received 0.5 cc. of saline washing of the peritoneum of an uninfected, irradiated mouse. In lot A, x-rayed 3 days before injection, death occurred 6 days after infection on the average; lot B, x-rayed 2 days before injection, 5.2 days after infection; lot C, x-rayed the day before injection, 5.5 days after infection; lot D, x-rayed and injected on the same day, 10 days after infection. These results suggest that an interval of 1 to 3 days between irradiation and infection is more suitable than an interval of only a few hours, in that the animals succumb much more quickly after inoculation. These results have been confirmed in another experiment similar to that shown in Table IV .
Effect of Irradiation on Mice Not Injected with Infective Material.-In these experiments an arbitrary period of observation has been set at 14 days. The percentage of uninfected irradiated mice dying within this interval Nov. 9 450 R 10 0 0 -21 Table V which presents data for 63 uninfected control mice given 500 R units and 43 given 450 R units. Of the 500 R group, 23 per cent were dead at the end of 14 days, in the 450 R group all animals survived the entire period. The survivors frequently show ruffled fur and may not eat for several days. The injection intra-abdominally of saline 2 or 3 days after irradiation may possibly lessen the severity of postradiation sickness, but no attempt was made to determine this point accurately. The irradiated control mice for the experiments here reported received intra-abdominally as routine either 0.5 cc. normal saline or 0.5 cc. of the peritoneal washing of a previously irradiated but uninfected mouse so that the control injection would correspond as closely as possible to that used in the passage experiments. Under these circumstances organisms other than rickettsiae but which resembled them might have become apparent in our strain of mice (especially if irradiation enhanced the conditions for the appearance of mouse pathogens). Although bacterial contamination of the peritoneal cavity occurred quickly in irradiated mice following death, no organisms which could easily be mistaken for rickettsiae were demonstrated during the course of these experiments.
DISCUSSION
In comparison with the intranasal route used by Castaneda (3) with murine typhus and by Durand and Sparrow (4) with European typhus, the intra-abdominal inoculation of irradiated mice provides a method which we believe is safer for the study of European typhus in the laboratory. Moreover, the results reported here suggest that it may well be possible to devise convenient and accurate techniques for testing the protective capacity of vaccines and of antisera obtained from experimental animals and convalescent or vaccinated human beings. The intra-abdominal route permits a more accurate measure of the quantities of infectious material or protective serum administered than does the intranasal route. Titrations of the infectivity of various materials may also prove practicable and inexpensive through the use of the irradiated mouse. Experiments with these objectives in mind are now in progress.
The high mortality of the infection, its relatively short duration (as opposed to guinea pig experiments), the ease with which rickettsiae may be demonstrated in the dead or dying mice, its simplicity as an experimental method when contrasted with the taking of guinea pig temperatures daily for several weeks, represent distinct advantages of this method.
The chief disadvantage of the technique lies in the necessity for employing irradiation. Obviously it would be much more satisfactory if the strain of typhus rickettsia could be adapted to normal mice, thereby reducing the hazard of apparent or latent infection with other organisms which the use of the x-ray may increase.
In regions where fertile eggs are expensive or cannot be secured, this method may prove practical for the production of vaccine on a moderately large scale. Tests for the efficacy of vaccines prepared from peritoneal washings of irradiated mice are now in progress.
SUMMARY AND CONCLUSIONS
A fatal infection of irradiated white mice with the Breinl strain of European typhus has been established and passed serially for 22 passages by the intra-abdominal route. Rickettsiae were abundant and easily demonstrable in the moribund or dead mice.
The mortality of irradiated mice infected with passage material (peritoneal washings or blood) was nearly 100 per cent as contrasted to no mortality in the control mice given the same dose of x-ray (450 R) and the same volume of fluid intra-abdominally. (The observation period of control mice was arbitrarily limited to 14 days.)
After eighteen passages in irradiated mice no increase in virulence for non-irradiated adult mice was detected.
After passage in guinea pigs, the rickettsial infection deriving from the mouse passage material was identical with the Breinl strain as judged by fever, cross immunity tests, and brain lesions in sections.
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